Background: Second harmonic imaging is a new ultrasound technique that allows evaluation of brain tissue perfusion after application of an ultrasound contrast agent. Objective: To evaluate the potential of this technique for the assessment of abnormal echo contrast characteristics of different brain tumours. Methods: 27 patients with brain tumours were studied. These were divided into four groups: gliomas, WHO grade III-IV (n = 6); meningiomas (n = 9); metastases (n = 5); and others (n = 7). Patients were examined by second harmonic imaging in a transverse axial insonation plane using the transtemporal approach. Following intravenous administration of 4 g (400 mg/ml) of a galactose based echo contrast agent, 62 time triggered images (one image per 2.5 seconds) were recorded and analysed offline. Time-intensity curves of two regions of interest (tumour tissue and healthy brain tissue), including peak intensity (PI) (dB), time to peak intensity (TP) (s), and positive gradient (PG) (dB/s), as well as ratios of the peak intensities of the two regions of interest, were derived from the data and compared intraindividually and interindividually. Results: After administration of the contrast agent a marked enhancement of echo contrast was visible in the tumour tissue in all patients. Mean PI and PG were significantly higher in tumour tissue than in healthy brain parenchyma (11.8 v 5.1 dB and 0.69 v 0.16 dB/s; p < 0.001). TP did not differ significantly (37.1 v 50.2 s; p = 0.14). A tendency towards higher PI and PG as well as shorter TP was apparent in malignant gliomas. When comparing different tumour types, however, none of these variables reached significance, nor were there significant differences between malignant and benign tumours in general. Conclusions: Second harmonic imaging not only allows identification of brain tumours, but may also help in distinguishing between different tumour types. It gives additional and alternative information about tumour perfusion. Further studies are needed to evaluate the clinical potential of this technique in investigating brain tumours-for example in follow up investigations of patients undergoing radiation or chemotherapy-especially in comparison with neuroradiological and neuropathological findings.
T he development of microencapsulated gas bubble contrast agents possessing strongly non-linear properties led to the introduction of second harmonic imaging (SHI) in the early 1990s. [1] [2] [3] Since then, SHI has proved to be a useful diagnostic tool for demonstrating and evaluationg perfusion disturbances, especially in myocardial and hepatic tissue. [4] [5] [6] [7] Several recent reports have demonstrated the potential of transcranial SHI for assessing brain tissue perfusion in healthy volunteers as well as perfusion disturbances in acute ischaemic stroke. [8] [9] [10] [11] [12] On the basis of the non-linear properties of ultrasound contrast agents, SHI differentiates echoes from microbubbles in the capillary bed from those of the avascular tissue. While insonated tissue responds primarily at the fundamental frequency, resonating microbubbles cause scattering of multiples of the fundamental frequency-the harmonic frequencies. By the use of a filter set to receive preferentially the echoes from the microbubbles and to suppress those from solid tissues, harmonic frequencies can be selected for image acquisition. As a result the signal to noise ratio is dramatically increased and perfusion (blood flow in small vessels) is not only detectable but also assessable. [1] [2] [3] [4] Acoustic densitometry allows analysis of the average acoustic intensity and calculation of time-intensity curves of a series of contrast enhanced harmonic images in user specified regions of interest (ROI). 13 Ultrasonography has been used for over 40 years for the detection and follow up investigation of tumour growth and dissemination.
14 Liver lesions are especially sensitive to detection by ultrasound. Application of microbubbles in combination with microbubble specific imaging modes, such as second harmonic imaging and pulse inversion harmonic imaging, have simplified detection and improved the characterisation of several hepatic tumours by their characteristic features and haemodynamics in comparison with conventional Doppler ultrasound or grey scale imaging. 6 7 14-18 Up to now, the non-invasive diagnosis of human brain tumours has usually involved neuroradiological imaging techniques including computed tomography (CT), magnetic resonance imaging (MRI), and magnetic resonance spectroscopy, as well as positron emission tomography (PET) and single photon emission computed tomography (SPECT). [19] [20] [21] [22] Although new magnetic resonance techniques are particularly sensitive, they are not specific, and further histological assessment is often required to reach a definitive diagnosis. New imaging techniques that are intended to specify the histological grade of a tumour analyse the pathophysiology rather than the structure of a tumour. Apart from radionuclide based techniques, perfusion MRI has been shown to have a high sensitivity and specificity for tumour detection and noninvasive tumour grading. 23 24 However, these techniques can be stressful or even intolerable for the critically ill patient. This is particularly important when frequent follow up examinations are needed. Moreover, they are both time consuming and expensive.
Transcranial ultrasound investigation has been of limited value for the diagnostics of brain tumours in the past. The detection rate of brain tumours with conventional transcranial sonography lies between 40% and 80%, depending on the tumour type, the quality of the acoustic window, and whether or not the tumour localisation is known to the investigator through other neuroradiological imaging modes. 25 It has already been shown that for planning non-invasive treatment and for postoperative follow up of brain tumours, CT and MRI may well be complemented by transcranial sonography. [26] [27] [28] Second harmonic imaging is the first ultrasound technique allowing assessment of brain tissue perfusion. Previous studies have shown its high potential not only to analyse capillary blood flow in healthy individuals but also to assess perfusion deficits in acute ischaemic infarction. [8] [9] [10] [11] Our aim in the present study was to evaluate the clinical potential of SHI for visualising and quantifying brain tumour perfusion. We aimed to correlate various sonographic perfusion indices with degrees of vascularisation of different tumour types. In addition, we sought to investigate whether SHI allows discrimination between benign and malignant tumours.
METHODS

Patients
Between January and September 2001 SHI was undertaken on 27 adult inpatients with untreated brain tumours of any type. These included gliomas of WHO grade II-IV, oligodendrogliomas, neurilemmomas, meningiomas, tumours of the pituitary gland, chordomas, and metastases. Tumour diagnosis was made from neuroradiological and histopathological findings. Of these patients, 15 had a benign tumour and 12 a malignant tumour. Their mean age was 56 years (range 28 to 77 years; 18 male, nine female). Inclusion criteria for the patients were that they were aged over 18 and had an adequate acoustic bone window enabling the depiction of the brain stem and third ventricle in native B mode imaging. Exclusion criteria were galactosaemia, pregnancy or lactation, a history of alcohol or drug abuse, and previous allergic reactions to the contrast agent. All patients had a complete physical and neurological examination, routine blood tests, and a 12 lead ECG.
Informed consent for the procedure, including the administration of an ultrasound contrast agent, was obtained from all the patients.
Technical equipment and ultrasound contrast agent All examinations were carried out with the Hewlett-Packard Sonos 5500® duplex device (Hewlett-Packard Inc, Palo Alto, California, USA) coupled with a 1.8/3.6 MHz sector transducer (S3 probe, Hewlett-Packard) capable of fundamental and harmonic imaging. All harmonic imaging studies were stored on a magneto-optical disk for off-line analysis. For harmonic imaging 4 g of a galactose based ultrasound contrast agent (Levovist®, Schering AG, Berlin, Germany) was used in a concentration of 400 mg/ml. The ultrasound contrast agent was given as an intravenous bolus by an infusion pump at a rate of 2.5 ml/s into the antecubital vein, which was cannulated with an 18 gauge catheter.
Harmonic imaging studies
Results of cranial MRI or CT for all the patients were known to the sonographer. For ultrasound investigation the side ipsilateral to the tumour was chosen to keep depth dependent ultrasound attenuation to a minimum. Each examination was started in native B mode using the transtemporal approach and a transversal insonation plane. To ensure an adequate acoustic bone window a satisfactory depiction of the hyporeflective butterfly shaped brain stem in the mesencephalic plane of section, and of the third ventricle in the diencephalic plane, was obtained before locating the tumour. The ultrasound probe and insonation depth were then fitted to the largest depictable diameter of the tumour, requiring that the midline and either the brain stem or the thalamus was visible in the same plane of section as healthy reference ROI. If the tumour was not detectable in native B mode imaging, the probe was adjusted to the assumed localisation according to the magnetic resonance or CT images in the corresponding insonation plane. Before switching the quickset to the acoustic quantification mode to start the harmonic examination, depth gain compensation was adjusted individually. The acoustic quantification mode provides an integrated on-line capability to measure the average acoustic image intensity within a user specified ROI and is based on integrated backscatter technology. This is a relative measure of the total ultrasonic energy reflected by a small volume of interrogated tissue. To enable off-line generation of time-intensity curves, the acoustic densitometry "AD T-INT" study type was used. In each examination 62 time triggered images were recorded at a frame rate of 0.4 Hz, so that a whole examination lasted no more than three minutes. The ultrasound contrast agent was applied after three baseline images.
The acoustic densitometry unit was used for off-line data analysis. Time-intensity curves were calculated from two ROI with a sample area of 21 × 21 pixels each to quantify contrast intensity of the backscattered signal. The ROI was chosen according to the suspected tumour area from the B mode image. The time-intensity curve with the maximum detectable peak contrast intensity was chosen from up to three ROI. If the tumour was not visible in the B mode image, the ROI were placed according to MRI/CT information.
The reference ROI (healthy brain tissue) was located in either the thalamus or the brain stem, depending on the insonated plane.
In order to reduce artefacts and erratic graph movements from patient or ultrasound probe movements, the images were manually aligned if necessary. The baseline for each calculated time-intensity curve was set as the mean acoustic intensity of the first three images after ultrasound contrast agent administration.
Statistical analysis
Three time-intensity curve parameters-the peak intensity (PI) (dB), the time to peak intensity (TP) (s), and the positive gradient (PG) (dB/s), which is the peak intensity divided by the time to peak intensity (PI/TP)-were used for statistical analysis. These parameters were compared intraindividually between tumour and healthy tissue as well as interindividually between different tumour types. For the latter analysis, tumours were grouped into four tumour types: high grade gliomas, meningiomas, metastases, and others (tumours not classified under the first three headings). In addition to the three time-intensity curve parameters (PI, TP, and PG) the ratio of the PI of tumour and healthy brain tissue was compared between these subgroups.
The Wilcoxon test was used for intraindividual analyses, and the Mann-Whitney and Kruskal-Wallis tests for interindividual analyses, as appropriate. Differences were considered as statistically significant at probability (p) values of < 0.05.
RESULTS
General
Twenty nine patients with brain tumours underwent a screening ultrasound examination, of whom six where diagnosed as having a high grade glioma, nine a meningioma, seven metastases, and seven other tumours (three low grade gliomas, one chordoma, one neurinoma of the trigeminal nerve, and two tumours of the pituitary gland). Twenty seven of these patients were found to have an adequate acoustic bone window and could therefore be included in the study; two with an insufficient temporal bone window were excluded. Both the latter had metastatic brain tumours. In 21 of the 27 patients the tumour was visible in native B scan, while in six native imaging failed to identify the lesion. Two of these patients had a rather low quality bone window, while in the other four the tumour was isoechogenic compared with the adjacent brain on native B scan. Figure 1 shows a native B scan and the corresponding magnetic resonance image of a high grade glioma. Signal intensity decreased in the harmonic mode but image quality was well sustained. In integrated backscatter mode, however, spatial resolution was usually lower. Contrast medium administration led to visibly detectable contrast enhancement at least ipsilateral to the insonated side in all patients. The administration of the contrast agent was not associated with any side effects. Figure 2 shows an SHI examination of a high grade glioma (the same patient as in fig 1) .
Tumour versus healthy tissue
After administration of the contrast agent, contrast enhancement was visible in the tumour region in all but two of the patients. The data are listed in table 1. Comparison of the analysed time-intensity curves of the designated ROI showed dramatic rises of contrast enhancement and high peak intensities in tumour tissue, while the curve calculated from healthy tissue tended to have a more steady increase and lower peaks, which resulted quantitatively in significantly higher peak intensities and positive gradients in the tumour compared with healthy tissue in all patients (mean PI, 11.8 v 5.1 dB; mean PG, 0.69 v 0.16 dB/s; p = 0.0001 and p = 0.001, respectively). Mean time to peak intensity was noticeably shorter in tumour tissue, but the difference was not statistically significant (37.1 s in tumour v 50.2 s in healthy tissue; p = 0.14). Both peak intensities and positive gradients had a considerably wider range in tumour than in healthy tissue, ranging from 2.2 dB to 25.8 dB and from 0.03 dB/s to 2.34 dB/s, compared with 2.0 dB to 10.3 dB and 0.03 dB/s to 0.90 dB/s in healthy tissue. In contrast, time to peak intensity showed a similar range in tumour tissue as in healthy tissue (3.7 to 138.8 s v 13.7 to 147.7 s, respectively).
Benign versus malignant tumours
Fifteen of the 27 patients had a benign tumour and 12 had a malignant tumour. Comparison of the time-intensity curve parameters between these two groups showed no significant differences in peak intensity and positive gradient, although there was a noticeable trend for malignant tumours to show higher positive gradients with shorter times to peak intensity. Thus while the peak intensity reached a mean of 13.7 dB in the malignant tumours and 10.3 dB in the benign tumours, the mean positive gradient was 0.98 dB/s in the malignant group compared with 0.46 dB/s in the benign group (p = 0.057), and the mean times to peak intensity were 25.8 s v 46.1 s, respectively (p = 0.084).
Tumour groups
The four tumour groups (high grade gliomas, meningiomas, metastases, and other tumours) consisted of approximately the same numbers of patients. Table 2 gives an overview of the data for the four groups. Comparison of the time-intensity curves showed considerably stronger and faster contrast enhancement in high grade gliomas, with higher peak intensities and positive gradients as well as shorter times to peak intensity. However, there were no statistically significant differences between the four groups. Mean PI was 14.4 dB in high grade gliomas, 11.9 dB in meningiomas, 10.4 dB in metastases, and 10.5 dB in the mixed group (p = 0.82). Mean TP was 18.3 s in high grade gliomas, 39.6 s in meningiomas, 36.7 s in metastases, and 50.2 s in the mixed group. PG varied from 1.11 dB/s in high grade gliomas, to 0.64 dB/s in meningiomas, 0.70 dB/s in metastases, and 0. 43 dB/s in the last group (p = 0.36). Mean ratios of the peak intensity of tumour to healthy tissue were highest in metastases and tended to be higher in high grade gliomas than in the other two groups, but these differences also did not reach statistical significance (high grade glioma, 2.7; meningiomas, 2.5; metastases, 3.1; others, 2.3; p = 0.72).
DISCUSSION
Harmonic imaging of the human brain was introduced only a few years ago and has proved reliable in examining human brain perfusion and assessing several perfusion indices in healthy individuals as well as perfusion disturbances in acute ischaemic stroke. [8] [9] [10] [11] We therefore took advantage of the potential of this new ultrasound technique to depict and assess brain tumour perfusion. To our knowledge, this is the first study on second harmonic imaging of human brain tumours. Given that the number of patients investigated was small and the number of tumour types even smaller, the conclusions drawn from our data should be regarded as preliminary and viewed with reservation. Nevertheless the study has for the first time shown the possibility of assessing brain tumour perfusion by means of transcranial SHI. With known tumour location from CT and MRI, the tumour detection rate in native B scan was about 75%, increasing to 93% in contrast harmonic mode. This is comparable with a previous study on native transcranial sonography of brain tumours in the adult, where the rate of tumour identification was 80% when radiological findings were known to the investigators. 25 Application of microbubble specific imaging modes clearly increase the sensitivity of ultrasound to brain tumours, as has been shown in the case of focal liver masses, where lesions of less than 1 cm diameter can be detected. 17 18 Analysis of the time-intensity curves reflected the higher blood flow in the tumour, showing significantly higher peak intensities and positive gradients in all patients compared with healthy tissue. We conclude that SHI allows reliable identification of hyperperfused tissue and satisfactory differentiation from normally perfused tissue. The wide range of Values are mean (SD).
The Kruskal-Wallis test was used for analysis and revealed no significant differences in any of the variables between the four groups. PG, positive gradient; PI, peak intensity; PI ratio, ratio of the peak intensity in tumor tissue to the peak intensity in healthy tissue; TP, time to peak intensity.
peak intensities and consequently of positive gradients in the tumour tissue (2.2 to 25.8 dB and 0.03 to 2.34 dB/s, compared with 2.0 to 10.3 dB and 0.03 to 0.90 dB/s in healthy tissue) may reflect the variability of tumour vascularisation and consequently of perfusion. This variability is again reflected in the comparative analysis of time-intensity curve parameters between benign and malignant tumours. There was a noticeable but nonsignificant trend towards shorter times to peak intensity and positive gradients in the malignant tumours (mean positive gradient, 0.98 v 0.46 dB/s, p = 0.057; mean time to peak intensity, 25.8 v 46.1 s, p = 0.084). This trend is explicable by the vasculature of high grade gliomas which formed part of the malignant group, typically consisting of various types of vessel, vessel meshworks ,and arteriovenous anastomoses that allow rapid blood flow and lead to especially high peak intensities and positive gradients, accompanied by remarkably short times to peak intensity. 24 However, it is unlikely that a larger number of patients would have led to significant differences between benign and malignant tumours, because the benign group included a particularly well perfused tumourthe meningioma. A recent cerebral blood flow study evaluating different brain tumours using xenon CT showed significantly higher blood flows in meningiomas than in gliomas or neurinomas. 28 In our rather small groups we found that meningiomas had the second highest mean peak intensity of contrast enhancement after high grade gliomas (11.9 dB and 14.4 dB), probably representing the high blood flow in these tumours, while metastases and other tumour types reached between 10.4 and 10.5 dB. While the mean time to peak intensity is again much shorter and the positive gradient rather higher in high grade gliomas, differences in these indices between the other groups were not as marked, and meningiomas, in particular, had rather similar times to peak intensity and similar positive gradients when compared with metastases. In comparison, the mixed tumour group showed the lowest values for these indices. Comparison of peak intensity ratios of tumour tissue to healthy tissue between the different tumour types did not seem to be valuable, as all ratios were quite similar.
Larger numbers of patients will have to be studied to allow full analysis of the parameters examined here. Further investigation may well lead to the introduction of other useful parameters, especially with regard to contrast washout. This should allow the evaluation of contrast kinetics through analysis of different time-intensity curve parameters in order to explore non-invasive healthy differentiation and grading. Taking into consideration that a first generation contrast agent was used in this study, further research is needed to compare different ultrasound contrast agents with varying stabilities and kinetics. 29 30 Additional research is required on specific enhancement patterns that are known from focal liver lesions 31 -liver mass evaluation with ultrasound relies strongly on lesion characterisation by typical and reproducible features such as rim enhancement in metastases, or peripheral enhancement with centripetal extension in haemangiomas, similar to changes in the enhancement pattern found in spiral CT. 17 18 Future studies should therefore try to correlate parameters obtained by ultrasound perfusion imaging with the known parameters of other perfusion imaging techniques, such as MRI or CT perfusion imaging. 23 24 28 Analysis of healthy vasculature should be studied, including the ranges of morphological and pathophysiological characteristics of healthy vessels and their grading, as this would allow the application of the specific properties that ultrasound perfusion imaging offers.
Conclusions
Our study shows for the first time that second harmonic imaging of brain tumours is not only feasible but may also be beneficial in terms of providing additional and alternative information about healthy vasculature and perfusion. In comparison with other imaging modes, SHI provides a rapid, practical, and cost-effective bedside technique, particularly for critically ill patients and when multiple follow up investigations are needed. Further studies are necessary to evaluate the clinical potential of SHI in brain tumours and its role as a diagnostic and follow up procedure for patients undergoing surgical treatment, radiation, or chemotherapy, where it may prove to be a useful new tool for evaluating the effects of treatment on healthy vasculature and for the improved detection of recurrent disease. Comparison with neuroradiological and neuropathological findings is now necessary to establish this new technique among current imaging resources. 
Muscle hypertrophy in myotonia congenita
A 28 year old male presented to our neurology service with stiffness of a few years' duration in all muscles. The stiffness was maximum at the onset of exercise and his muscles loosened up after some time. He had no difficulty in releasing his grip after holding an object. He had very well developed muscles in spite of a sedentary lifestyle. There was no family history of similar problems. On examination he showed percussion myotonia. There was no grip myotonia or eyelid myotonia. Nerve conduction studies were normal. Electromyogram showed myotonic potentials with a characteristic dive bomber sound on the loudspeaker. A diagnosis of myotonia congenita was made. He most likely had the recessive form of myotonia congenita because both parents were unaffected clinically. He was started on Mexiletene 200 mg three times daily with resultant improvement in stiffness.
A dramatic increase in the bulk and definition of voluntary muscles is common in patients with myotonia congenita, presumably because the skeletal muscles are in an almost continuous state of muscle contraction. In most myotonias, repetitive contractions reduce muscle stiffness except for paramyotonia, where there is a paradoxical increase in stiffness with repetitive exercise.
Myotonia, defined as delayed relaxation of muscle after contraction, is seen in a group of genetic disorders that includes autosomal dominant myotonia congenita (Thomsen's disease) and autosomal recessive myotonia congenita (Becker's disease). Both diseases are caused by mutations in the skeletal muscle voltage gated chloride channel gene. 1 Becker's disease resembles Thomsen's disease but there are also differences, eg later onset and transient muscle weakness experienced by many patients during muscle exertion after rest. The criterion for the differential diagnosis of Thomsen or Becker type myotonia is the mode of inheritance. 
